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【Abstract】Objective:    To study the influences of
head/neck ratio and femoral antetorsion on the safe-zone of
operative acetabular orientations, which meets the criteria
for desired range of motion (ROM) for activities of daily
living in total hip arthroplasty (THA).
Methods:    A three-dimensional generic, parametric and
kinematic simulation module of THA was developed to ana-
lyze the cup safe-zone and the optimum combination of cup
and neck antetorsion. A ROM of flexion≥ 120°, internal
rotation≥45° at 90° flexion, extension≥30° and external
rotation≥40° was defined as the criteria for desired ROM
for activities of daily living. The cup safe-zone was defined
as the area that fulfills all the criteria of desired ROM before
the neck impinged on the liner of the cup. For a fixed stem-
neck (CCD)-angle of 130°, theoretical safe-zones fulfilling
the desired ROM were investigated at different general head-
neck ratios (GR=2, 2.17, 2.37, 2.61 and 2.92) and femoral
anteversions (FA=0°, 10°, 20° and 30°).
Results:    Large GRs greatly increased the size of safe-
zones and when the CCD-angle was 130°, a GR>2.37 could
further increase the size of safe-zones. There was a complex
interplay between the orientation angles of the femoral and
acetabular components. When the CCD-angle was 130°, the
optimum relationship between operative acetabular ante-
version (OA) and femoral antetorsion (FA) could be esti-
mated by the formula: OA=-0.80×FA+47.06, and the minimum
allowable operative acetabular inclination (OImin) would be more
than 210.5×GR-2.255.
Conclusions:    Large GRs greatly increase the size of
safe-zones and it is recommended that the GR be more than
2.37 so as to extend the acceptable range of error that sur-
geons cannot avoid completely during operation. As to the
optimum operative acetabular inclination (OI), surgeons need
to make a decision combining with other factors, including
stress distribution, soft tissue and cup wear conditions, as
well as patients’ individual situations and demands. The
data obtained from this study and the module of THA can
be used to assist surgeons to choose and implant appropri-
ate implants.
Key words:    Arthroplasty, replacement, hip; Range of
motion, articular; Models, theoretical; Computer simulation
Prosthetic dislocation is a serious complicationof total hip arthroplasty (THA) and ranks sec-ond as the cause of revision of THA following aseptic loosening.1 Malpositioning of the implant com-ponents will reduce the range of motion (ROM) of the hipjoint and influence cup wear, cup containment, risk of
dislocation, and loosening as one of the main factors.2-4
This clinical issue has been focused on by many stud-
ies that have investigated the relationship among de-
sired ROM in THA, prosthetic design, and implantation
parameters.5-11 However, there are many controversies
over these studies so far. Most of these studies used
the radiographic definitions of acetabular orientations
determined by an anteroposterior radiograph. The opti-
mum relationship among radiographic acetabular
orientations, other prosthetic design, and implantation
parameters is appropriate for the evaluation of postop-
erative ROM of THA. But during operation, the opera-
tive definitions are recommended to describe the ac-
etabular orientations.12 Although the radiographic ac-
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etabular orientations can be converted to correspond-
ing operative values using nomogram or trigonometric
equations, the conversion of the whole safe-zone fulfill-
ing the desired ROM is not easy and will bring several
difficulties for surgeons to refer to previous reports
intraoperatively.
The purpose of this study was to determine the safe-
zones of operative acetabular orientations fulfilling the
desired ROM at different general head/neck ratios (GRs)
and femoral antetorsions (FAs) when the stem-neck
(CCD)-angle was fixed at 130°. A three-dimensional (3D)
parametric computerized module of THA was used to
simulate single and combined motions until neck or
cup impingement.
METHODS
 THA simulation module
A 3D parametric simulation module of THA was de-
veloped in ADAMS/VIEW (MSC Software Corporation,
Santa Ana, CA, USA) to simulate motions in 6 orienta-
tions including flexion and extension, abduction and
adduction, internal rotation and external rotation until
prosthetic impingement from arbitrary initial position
(Figure 1). In the module, the prosthetic femoral head
and neck were represented by a pure sphere and a
cylinder respectively, and the prosthetic stem by a fixed-
shape cone. The acetabular component was modeled
as an articulating hemisphere with its center coincid-
ing with that of the femoral head (Figure 2). Eight pa-
rameters including stem adduction, acetabular size,
head size, GR, CCD-angle, operative acetabular ante-
version (OA), operative acetabular inclination (OI) and
FA were assigned to describe a specific THA. Stem
abduction was used to define the angle between the
femoral stem and the femoral mechanical axis. The ac-
etabular size and head size determined, respectively,
the outer and inner diameters of the acetabular
components. And the sizes of the prosthetic femoral
head and neck were determined by the head size and
GR. Here GR was a generalized concept and equaled
to the real head-neck ratio when the neck was a cylin-
der and the cup surface was flat without chamfer angles.
The CCD-angle was the angle between the prosthetic
stem and the prosthetic neck. FA, OI and OA were 3
implantation parameters which described the intraop-
erative positioning of the hip prostheses. The acetabular
orientations were based on the operative definitions.12
The coordinate system of the THA module was de-
fined as follows: the origin O of the coordinate was lo-
cated at the center of the prosthetic head; the X axis
was the anatomical transverse axis pointing laterally,
Y axis was the anatomical longitudinal axis pointing
upwards and Z axis the anatomical sagittal axis point-
ing anteriorly (Figure 3). Meanwhile a non-orthogonal
coordination system was applied to describe 6 motions
defined according to the recommendations by the In-
ternational Society of Biomechanics.13 Flexion and ex-
tension always rotated around the X axis. Internal and
external rotations occurred around the femoral Y axis
that changed with the initial position of the femur. Ab-
duction and adduction were performed around the axis
that was orthogonal to both the X axis and the femoral
Y axis. All motions in each direction could rotate con-
tinuously and the rotation would not be terminated until
neck-cup impingem ent had been detected
mathematically.
Desired ROM criteria and parameters setting
A set of relatively strict criteria including flexion (FL)
≥120°, internal rotation at 90° flexion (IRfl90)≥45°, ex-
tension (EXT)≥30°and external rotation (ER)≥40° were
defined as the desired ROM without impingement for
activities of daily living.6,7 FL and IRfl90 were associ-
ated with posterior joint instability while ER and EXT
with anterior joint instability.
Both the acetabular and head sizes were determined
by the acetabular geometric shape and did not affect
the theoretical ROM during simulation. Thereby they
were fixed at 48 mm and 28 mm, respectively. Five
different GRs including 2, 2.17, 2.37, 2.61 and 2.92
were selected and FAs varied from 0° to 30° with a 10°
increment at each GR. The CCD-angle was fixed at a
commonly-used value of 130° and the stem abduction
was defined as 7°. The allowable OI and OA were re-
spectively limited within 10°-60° and 0°-70° according
to clinical surgery experience.
RESULTS
Under total 20 combinations of GRs and FAs, 4
motions were completed in the simulation module to
obtain the borderlines until neck/cup impingement for
FL=120°, IRfl90=45°, ER=40° and EXT=30°. The cup
safe-zones of (OI, OA) fulfilling all ROM criteria were
obtained based on the above borderlines. Most of these
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safe-zones were similarly in triangle-like shapes.
Largely, the maximal OA borderlines of the safe-zones
of (OI, OA) were determined by the criteria of ER≥40°
and the minimal OA borderlines were limited by the
criteria of IRfl90≥45°. Only for large FAs (20° and 30°),
the criteria of EXT≥30° limited the maximal OA and
the minimal OI. The size of safe-zones increased with
an increasing GR. When GR=2, the minimal allowable
OI (OImin) was more than 40° and there were only small
areas for acceptable acetabular orientations for all FAs.
For the 5 different GRs, the effects of varying FAs
on the safe-zones are shown in Figure 4. The detailed
OImin and corresponding OAs for each GR and FA are
also labeled in Figure 4, and the results of statistical
analysis on OImin and corresponding OAs are listed in
Tables 1 and 2, respectively. It was found that the OImin
was largely reduced with an increasing GR, but the
range of desired safe-zone of OA would be larger with
an increasing OI. The correlation of OImin with GR and
FA was analyzed by a nonlinear regression and it was
found that OImin was relatively independent of FA. When
GR was equal to or greater than 2.61, the standard
deviation (SD) of OImin at different FAs was less than 0.5°
(Table 1). The nonlinear correlation of OImin with GR
can be estimated by a power function formula:
OImin=210.5×GR
-2.255 (R2=0.9966, Figure 5).
The acceptable range of OA moved downwards when
FA was increased. Similarly, the correlation of OImin-
related OA with GR and FA was analyzed by a linear
regression and OA was relatively independent of GR.
The linear correlation between OA and FA is shown by
the formula: OA=-0.80×FA+47.06 (R2=0.9999, Figure 6A).
The calculated OA for each FA according to the above
fitting formula generally located at the middle part of the
simulated safe OA range fulfilling the desired ROM when
OI was 40° (Figure 6B).
DISCUSSION
In THA, acetabular components are frequently po-
sitioned with jigs, and these jigs usually have two rods
perpendicular to each other. OA is the angle between
the longitudinal axis of the patient and the acetabular
axis as measured in the sagittal plane. Therefore OA
can be easily achieved by rotating the longitudinal rod
about the transverse axis during operation, as the pros-
thesis is viewed from a lateral position. Meanwhile the
influence of pelvic and lumbar spine flexion should be
considered since they can be numerically added to OA.
OI is the angle between the acetabular axis and the
sagittal plane, and can be preset by jigs. Therefore the
operative acetabular orientations are recommended to
describe the prosthetic component.12 However, currently,
most reported studies on the theoretical ROM of THA
refer to Lewinnek’s work5 and use the radiographic defi-
nitions of acetabular orientations, which is suitable to
analyze and evaluate the postoperative ROM of THA.
In this study, the operative acetabular orientations, OA
and OI were used to quantify their relationship with other
prosthetic design parameters (GR and the CCD-angle)
and position parameter (FA) in order to allow for the
desired ROM conditions. Under 20 combinations of dif-
ferent GRs and FAs, all borderlines of (OI, OA) fulfilling
each motion criteria and the overall safe-zones fulfilling
all motion conditions were obtained through the com-
puterized simulation. By operative definitions, all the
results from this study can be used as a direct refer-
ence for clinicians preoperatively and intraoperatively.
Figure 1. Anterior-posterior and lateral views of the coordinate system of a left THA module. Figure 2. Prosthetic ROM:θ is the oscillation
angle of THA, D and d represent respectively the diameters of the head and the neck, and α is the critical angle when impingement occurs.
Figure 3. OA and OI of the acetabular components. OYZ is the sagittal plane, OXZ the transverse plane and OXY the  coronal plane. ON
is the acetabular axis.
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Table 1. OImin fulfilling the desired ROM after all combina-
tions of GR and FA
FA (°)
GR
          2          2.17          2.37          2.61           2.92
     0
   10
   20
   30
   χ
    S
47.9
47.2
45.1
40.8
45.25
  3.20
38.1
37.8
35.3
33
36.05
  2.39
30.8
30.4
28.6
28.1
29.48
  1.33
24.4
23.9
23.9
23.7
23.98
  0.30
18.7
18.6
19.6
19.3
19.05
  0.48
Table 2. Corresponding OAs related to the OImin fulfilling
the desired ROM under all combinations of GR and FA
FA (°)
GR
  2       2.17       2.37      2.61       2.92
  0
10  
20  
30  
47.6
37.4
28.1
20.6
47.1
38.7
30.9
23.0
46.9
39.4
32.2
23.3
46.7
40.0
32.2
23.7
46.5
40.2
32.1
23.8
46.96±0.42
39.14±1.13
31.10±1.76
22.88±1.31
     χ±s
Figure 6. A: With a fixed CCD-angle of 130° the correlation of
OImin-related OA with GR and FA is analyzed by a linear regression
and OA is relatively independent of GR. The linear correlation
between OA and FA can be shown by the formula: OA=-0.80
×FA+47.06 (R2=0.9999). B: For different FA angles, the calculated
OA according to the above fitting formula generally locates at the
middle part of the simulated safe OA ranges fulfilling the desired
ROM when OI=40°.
Figure 4. At a fixed CCD-angle of 130°, the safe-zones fulfilling the desired ROM criteria under varying FAs (0°, 10°, 20° and 30° for each
GR: 2.0 (A), 2.17 (B), 2.37 (C), 2.61 (D) and 2.92 (E). The OImin and corresponding OAs for each case are labeled. Figure 5. At a fixed
CCD-angle of 130°, the correlation of OImin with GR and FA is analyzed by a nonlinear regression and OI is relatively independent of FA. The
nonlinear correlation of the average OImin with GR can be shown by the power function formula: OImin=210.5×GR
-2.255 (R2=0.9966).
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For any specific hip implantation with a fixed GR,
the cup safe-zone mainly depends on the defined ROM
criteria. Severe ROM criteria could greatly reduce the
size of safe-zone but maximize the hip ROM.6,14,15 In
this study, the relatively severe ROM criteria is referred
to Yoshimine’s definitions,6,7 which follows the AAOS
and JOA recommendations. Although most patients
have a relatively low ROM demand postoperatively, it is
very important for clinicians to implant components with
the optimum positioning in order to guarantee a large
postoperative ROM as far as possible. Besides, it is
found that the combined motion of IRfl90≥45° limits
the minimal acceptable OA more significantly than the
single motion of FL≥120°, especially as FA≤20°. In
fact, the prosthetic impingement determines the end
position of implant motion and the maximal theoretical
ROM after a THA. Other factors, such as implant/bone
impingement and soft tissue constraints, would de-
crease the theoretical ROM. It is very important to
choose the optimum positioning of implants to avoid a
decreased theoretical ROM due to prosthetic
impingement. It is clear that the safe-zone of the ac-
etabular orientations increases with an increasing GR,
which has been demonstrated not only by our
simulation, but also by other previous studies.6,10,16,17
Generally speaking, OI may be constrained intraopera-
tively by osseous coverage and the optimum OI should
be about 40°.15 Our simulation showed that there were
no or only a small acceptable OI range when GR was
less than 2.37. Therefore it is recommended that GR
be more than 2.37. Besides, a large GR, such as 2.61
or 2.92, would greatly extend the acceptable error range
of  intraoperative positioning of (OI, OA) that clinicians
cannot avoid completely. Besides, the OImin is very sen-
sitive to GR and their relationship can be estimated by
the power function formula: OImin=210.5×GR
-2.255 (R2=
0.9966). When the real GRs of the implant components
in a THA are of the 5 different values in this study, the
power function formula can be used to determine the OImin.
Once GR and the ROM criteria have been
determined, the next step is to decide the optimum
orientation of hip components. But this issue has re-
mained inconsistent in reported studies6-15 due to dif-
ferent definitions of cup orientations and reference
frames. After converting different recommendations in
previous reports to a single representation based on
the radiographic angles expressed in the pelvic refer-
ence frame, the safe zones are relatively consistent
and the recommended average cup orientation ex-
pressed in radiographic angles is of 41° inclination and
16° anteversion.15 The corresponding average cup ori-
entations of (OI, OA) are (39.1°, 20.8°). In fact, OA is
particularly sensitive to FA, but not to GR. When the
OImin-related OA is used to assess its relationship with
FA, we find that there is a very high linear correlation
between OA and FA: OA=-0.80×FA+47.06 (R2=0.9999).
The similar linear correlation between OA and FA is
also found under the radiographic cup orientations.8 As
mentioned above, the optimum OI should be about 40°,
and the calculated OAs according to the above fitting
linear formula generally locates at the middle part of
the simulated acceptable OA ranges fulfilling the de-
sired ROM when the OI is 40°. Therefore, the optimum
relationship between OA and FA can be estimated by
this linear formula.
Widmer and Majewski14 have done a systematic
evaluation about the function of CCD-angle. In this study,
the effect of CCD-angle on the ROM of THA was ig-
nored and the CCD-angle was fixed at a commonly-
used value of 130°. A large range of GRs varying from
2.0 to 2.91 has covered most hip prosthese types in
THA. If the patient’s hip ROM could be limited to a very
small range, the prosthese with a small GR can be
used and a poorly positioned cup and neck can be
accepted. However, it is impossible to predict the hip
ROM a patient has or needs after THA. Therefore, a
large ROM of THA without prosthetic impingement is
very important in both short and long term clinical
situations. It is recommended that the GR be more than
2.37. For the hip implant with a CCD-angle of 130°, the
OImin of acetabular should be more than 210.5×GR
-2.255,
and the optimum relationship between OA and FA can
be estimated by the formula: OA=-0.80×FA+47.06.
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